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Abstract—Mosy.of th hﬂiﬂmw; agents, namely, aliphatic and heterocyclic nitro compounds,
and iminium-type ions, are propom_l to exert their action

by a unified mechanism, The toxic effect is believed to result gen , n -
tive oxygen radicals thas usua lly anse vig ejectron wansfer. Cyclic voltammetry was performed on & number of

metal derivatives and chelators, quinones, azo dyes,

Wese agenlsT Reductions” were for the
w0 ~0.58 V.
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INTRODECTION

‘radical peneration and electron wransfer (ET) phe-
<na are being increasingly implicated as mechan-
pathways for a varety of xenobiotics and ia human
15es.’* In our laboratory, application of this gen-
theme has been made to carcinogens,™ anticancer
5./1=1 antimalarials,'* benzodiazepines,'* phen-
dine (PCP)," nicotine,* spermine.’” 1-methyl-4-
¥1-1,2.3,6-tewrahydropyridine  (MPTP),"* me-
ics,'” end heterocyclic di-N-oxides.® There
arto be several main classes of CT agents: quinone
» and precursors, metal (for example, Cu and Fe)
fexes, AsNO,, and iminium salts.** According to
nifying hypothesis, the, ultimate form of the drug
tively binds to a receptor, for example, bacterial
.- 8ad effects catalytic electron transfer to oxygen,
Jcing toxic oxy radicals that destroy the cell. Al-
tively, there may be interference with normal
ton ransport chains.
1e natargl defense against invading microorga-
» involves the use of reactive oxygen species gen-
d by neutrophilic granulocytes during phagocy-
#=3 The rapid uptake of oxygen results in the

-5 comespondence 1o: Peter Kovacie, Depanment of Chem-
Jniversny of Wisconsin-Milwaukee, Milwaukee. WI 53201,

most part reversible, with potentials in the favorable range of —0.20

a-Halonivo compounds, Metal derivatives and chelators,

Yyl

formation of superoxide, hydrogen peroxide, and hy-
droxy) radicals. Other species that may be involved
are HOCI and singlet oxygen. Hypochlorous acid can
react readily with cellular constituents to generate la-
bile N-chloro entities. It is quite significant that this
scenario represents the normal response that has been
found by evolutionary development to be most effec-
tive. Similar operation by various antibacterial drugs
would comprise a reasonable working hypothesis.

A number of peroxides are reported to display an-
tibacterial activity. Evidence shows that exogenous hy-
drogen peroxide is able to destroy bacteria. ¢ There
was a marked increase in killing efficiency, presum-
ably because of the Fenton reaction, when the iron
content of the system increased. Generation of oxy
radicals may also accouat for other biological effects
of this peroxide, for example, carcinogenic,® muta-
geaic,” and anticancer." =™ Ethy) bydroperoxide, which
is notdecomposed by catalase, was more effective than
the parent as a bactericide against Escherichia coli.®
Cyclic peroxides can act as antibacterial,™ antimalar-
ial,’ and antifungal® agents. ESR studies with some
members demonstrated the ability to function as pre-
cursors of hydroxyl radicals.>' Peracetic acid has been
considered for use as a sterilant.” The diverse per-
oxides can serve as precursors of oxy radicals, similar
1o the phagocytic process.
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A related category consists of N-chloro derivatives
of sulfonamides, cyclic imides, and amidines.¥ Fa-
miliar examples are chloramine T, dichloramine T, and
halazone. Although it is known that chlorine can be
tansferred 10 a pitrogen-containiog cellular receptor,
the precise mechanism of biozction is unresolved. These
substances represent analogues of the N-chloro deriv-
atives generated during phagocytosis.

Although individual groups of antibacterial agents
have been rationalized mechanistically,® there has been
no report of & broad, detailed, systematic approach.
Quite some years 8o, suggestions were made that charge
transfer and oxidative stress might well play a role in
the action of some medicinals. =3 We now propose
8 unifying theme based on the ET—oxy radical concept
that pasacs a large variety of bactericides, in-
cluding metal derivatives of mercury (merbromin, mer-
thiolate), metal chelators (nalidixic acid and oxine),
pitroheterocycles (nitrofurazone, pitrofurantoin), ni-
wvoaliphatics (chloropicrin, bronopol), quinones (hal-
ogenated o-naphthoquinones), azo dyes (scarlet red),
and iminium species (triarylmethane dyes. heterocyelic
di-N-oxides, and heterocyclic salts). These represent
almost all of the major categories discussed in Burger's
Medicinal Chemisiry.* Our experimental goal wes to
determine the reduction potential and reversibility for
the various classes in order to obtain evidence con-
cerning the feasibility of catalytic electron transfer in
vivo. In soms cases, literature data provide the req-
visite base for incorporation within the theoretical

framework. Related considsrations arc also discussed.

MATERIALS AND METHODS
Maierials

Chemicals and antibacterial agents were obcained
from the Aldrich Chemical Company (Mitwaukee, WY)
or the Sigma Chemical Company {St. Louis, MO).
except CuCl; + 2H;0 (MCB, Norwood, OH), FeCly
(Baker and Adamson, Morristown, NJ), chloropicrin
(Easuman Kodak, Rochester, NY), and silver sulfadi-
azine (Polysciences, Warrington, PA). 6-Bromo-1,2-
naphthoquinone was prepared using Fremy's salt by
published methods® (m.p. 164-166°C [dec), 1it.
167°C). The infrared spectrum (Perkin Elmer model
735B) displayed the reported peaks. Elemental analysis
for CyoHBrO; was as follows: calculated: C, 50.7; H,
2.1; found: C, 50.4; H, 2.2 .

The electrolyte used in the nonbuffered electro-
chemical studi¢s was tetracthylammonium perchlorate
(0.1 M) (G. E. Smith, Columbus. OH). Dimethylfor-
mamide (DMF) (Aldrich) was obtained in the highest
available purity. Absolute ethano! (U.S. Industrial,
Tuscola, IL) was used 1o prepare the aqueous solutions;

pH 7.0 aqueous buffer (0.1 M KH,PO,/0.1 M NaOH)
was used for some measurements.

Methods

The cyclic voliammetric measurements were per-
formed at ambient temperature with 8 Princeton Ap-
plied Research Corporation (PARC) model 174A po-
larographic analyzes connected to a Hewlett Packard
model 70358 X-Y recorder. The scan rates genenally
ranged from 20 to 200 mV/s. Solutions were saturated
for 15 min with ptepurified nitrogen (30 min for metal
complexes) that was passed through an oxygen-scrub-
bing system. The electrodes consisted of either a plat-
inum flag (Sargem-Welch, Skokie, IL) or a hanging
mercury drop (HMDE) working electrode, with a plat-
inum wire as the counter. The reference wasa saturated
calome] electrode (SCE) (Comning). Observed poten-
tials (our work and literature values) were converted
10 the normal hydrogen electrode (NHE) by the addi-
tion of 0.24 V to the SCE values. The reponted data
are the average of Iwo Or more measurements involv-
ing fresh solutions. The following e uations were used
for the halfewave potentials, th nces in poten-
tials, and cugrent function: E,a = (B + Egd/2,
AE, = lEN - Enlv Epn = |Epe = Epc!ﬁ‘o and CF =

BV XC.. anll

RESULTS AND DISCUSSION

Nitro compounds

). Nitro heterocycles. This chemotherapeutic cat-
egory encompasses mainly nitro derivatives of furan
and imidazole.” Specific examples of the furan class
include nitrofurazone, 1, and nitrofurantoin. 2.

Electrochemical studies wete performed on both 1
and 2. The results are presented in Table 1. Compound
1 undergoes a one-electron reduction (CF ratio 0.88;
benzil®? as reference) with Eip = —0.67 V, in agree-
ment with the literatare (Table 1). Reduction 10 2
radical snion is in agreement with prior studies of
pimofurans in aprotic solvent.?” The reduction was quasi-
reversible and diffusion coptrolled, as characterized by
the AE, values, 70-90 mV, and the constant current
fupction. The nitro anion formed is quite stable with
an i/, value of 0.97 a1 100 mV/s sweep rate. Ni-
wofurantoin, 2, reduced in two waves: the difference
in cathodic peak potentials was 110 mV gt the sweep

[ 1]
CH = NNHCONH
ON" 0 : 2

89
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0O gesting that redox processes play an imponant role. In

4 an acrobic environment the intermediate nitro radical

Il ll anion readily conveys an electron 10 oxygen. For ex-

O.N CH=N-N ample, nitrofurantoin stimulated the uptake of oxygen
2 o \ in hepatic incubations, which was partially reversed
/ NH by superoxide dismutase (SOD) and catalase; this sug-

(@ gested the presence of superoxide and H,0,.* In-

(2)

ate of 0.1 V/s. Ths first wave, E,, = ~0.66 V, was
rreversible, with £,,» of 80 mV. The CF ratio (0.98)
adicates the transfer of one electron. The current func-
-on decreased as the scan rate was lowered, suggesting
aat reduction was followed by another chemical re-
ction. The second wave was quasi-reversible with a
0-mV change in £,. upon a decade change in sweep
1¢ (=0.74 V at 20 mV/s). The E,. was ~0.73 V
ith AZ, of 80 mV. These reductions may involve both
:tro and conjugated imine. The value for the one-
-cctron reduction of 2-nitrofuran in DMF is =0.76
7 The potentials in our study are more positive be-
suse of increased conjugation.

Reductions of 1 and 2 have also been examined in
sffered media. Niuofurazone exhibited two irrever-
ble waves (=0.23 and ~0.97 V) at pH 8.6.% The
ocess involvad the reduction of both nitro and imine
oieties. Another investigation® resulted in values of
0.04 and =0.02 V for 1 and 2, respectively. An
<lier study reported multiple waves for 2 in aqueous

ffer.* The proposed pathway involved reductive fis-
on of the N=N bond. The prior data are difficult 10
mpare to ours becsuse of differences in conditions,
- example, solvent.

The mechanism of action for this general class bas
enreviewed recently.>**~* A correlation is observed
wween electron affinity and radio-sensitization, hy-
xic cell toxicity, and chronic aerobic toxicity, sug-

¢reased oxygen consumption has ajso been observed
for nitrofurazone. Activated oxygen may also be re-
sponsible for toxic effects, such as pulmonary edema
and fibrosis, that may occur during nitrofurantoin ther-
apy.*® In other cases. including snacrobic conditions,
the radical anion exerts its effect by another route,
presumabdly interference with normal electron trans-
port. A serious problem with these types is acute tox-
icity, usually associated with mutagenesis or carcin-
ogenesis. One can speculate that both the favorable
effect and the liabilities might be intimately related to
the ease of electron transfer. Prior reviews have dis-
cussed ESR of the intermediate nitro radical anions.3**

2. e-Halonitro aliphatics. The common structural
theme is the presence of the a-halonitro moiety along
with two other electron withdrawing substituents.®?
Members are exemplified by bronopol, 3, and chloro-
picrin, 4. Compound 4 is a sterilant.

Bronopol underwent irreversible reduction with the
most positive peak at £, = ~0.56 V (Table 1). The
plot of the peak current versus the square root of the
sweep rate was linear and passed through the origin.
£, 3 values varied from 180 to 260 mV for the scan
rates employed. The £, changed 190 mV with a tenfold
increase in sweep rate. The CF 1atio of bronopo!l versus
benzil as the reference gave a value of 0.89, indicating
that only one electron was transferred. The absence of
an oxidation peak s rationalized by the participation
of a chemical reaction after initial reduction, for ex-

Table 1. Electrochemical Characteristics of Nivo Derivatives of Heterocvelic and Aliphstic Compounds

Reduction
Poiential
Subsazate o) i lin CF mtio® Reference
1 -0.67 0.97 0.88 -—
| -0.68 -— — -—
2 =0.66' -— 0.98 -
24 -0.7% — - -—
2-Nigofutan ~0.76 _ — kY]
3‘ . - 0'56' - 0.39 —
3 . -0.10 — -— 37
¢ -0.71" - 1.99 . -
&Brome-2-niropropane -0.4 — - 38
2-Chlero-2-iopropan-1.3-diol =05 -— - 39
Nitroethane -1.28 -— - 40

Fratic = CF CFue: Cloug, ® A (V 533C = 16.27 (0.5 mM. Pr. DMF). 0.185 (0.8 mM. HMDE. DMF). *100 mV/s. totracthylammonium
perchiorate (0.1 M. subsisate (0.5 mM,. DMF, venus NHE. P electrode. “Revensible. 'Ref ). Furst wave, firreversible. sSecond wave.

P.04
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1o
Hocnzclzcrczorl

Br
3)

ample, dimerization. The reduction of 3 is similar to
that of 2-bromo-2-nitropropane in CH;CN, E, of about
= 0.4 V. The reaction involved one-glectron reduc-
tion-with subsequent loss of bromide ion. The ensuing
products that arise from hydrogen abstraction or di-
merization might function as stable ET catalysts. Ina
prior study, compound 3 in aqueous sojution gave if-
reversible rediction at — 0.10 V% Electrolysis yiclded
2-pitropropane-1,3-diol, which has also been observed
as a metabolite of bronopol in rats and dogs.*

Chloropicrin exhibited irreversible reduction with
E,of ~0.71 V (Table 1). A linear plot passing through
the origin was obtained for the peak current versus the
square root of the sweep rate. The £y, value at 100
mV/s was 230 mV. The reduction potential ¢hanged
110 mV upon a tenfold increase in sweep rate. Com-
parison of the current function with benzil gave a value
of 1.99, indicating the transfer of two electrons. The
number of electrons involved in the reaction of 4 is
difficult to explain on the basis of the discussion for
3. However, a possible rationale entails formation of
a carbene intérmediate. Such a process was observed
for the two-electron reduction of gem-dihalides in aprotic
media.¥ Chloropicrin undergoes two-electron reduc-
tion in aqueous buffer.” yielding an £, value of +0.30
V that is invariant with pH.

The literature contains an appreciable amount of
work on the electroreduction of aliphatic nitro com-
pounds. The E,; values range from about = 133V
for nitroethane, l-nitropropane, and 1-nitrobutanc®
to —1.40 V for 2-nitropropane® in DMF. The E,;
(=0.64 V) for nitromethane is the same as for 1-nitro-
propane in pH 7.0 buffer.** Electron-withdrawing
groups, such asthosein3and 4, should make the reduc-
tion potential more positive.

In relation to more detailed mechanistic consider-
ations, the a-halonitro-alkanes readily accept an elec-
tron to yield a radical anion that eliminates halide. -
The resulting delocalized radical could dimerize or
combine with oxygen in a process leading to various
reactive intermediates. Aliemnatively, uptake of an-
other electron would generate the corresponding anion,

C|3CNOZ
4)

which might abstract a proton or eliminate a remaining
a-halogen.
Significant to our theme is the Somparison of re-

‘wmwwﬂm its
analogues. For example, the chloro counterpan of 3
~exhibits a Jarger minimum inhibitory concentration to-
ward bacteria than bronopol;* it is also more difficult
to reduce.™ —0.54 V versus —0.10 V for 3. 2-Bromo-

2-nitropropane (E,; ~ = 0.4 V) and 2-chloro-2-nitro-
propane (E;z ~ —0.96 V) show a similar relationship

also p! j i ity of g-sud-
_stituted S-pitro-1 es (analogues of 3). Re-
placement of bromine by chlorine or hydrogen resulted
in marked reduction in activity.>’ Additional evidence
is available that sheds light on the mode of action. The
biocidal bronopol are inhibited by thiols.*
Our ET-oxy radical hypothesis is in accord with this
observation. It is significant that prior investigators
have also proposed involvement of an oxidative mech-
anism.* However, their suggestion for the lethal action
entailed oxidative conversion of enzymatic mercapto
groups 1o disulfides. Inhalation of chloropierin pro-
duced edema and Iesions in the lungs of exposed an-
imals.$%° The toxicity toward Sitophilus granarius and
Tenebroides mauritanicus was potentiated by oxy-
gen.® Compound 4 is en indirect, as well as 3 weak
direct-acting, mutagen.®'

Meial-containing drugs

Metal species are known 10 elicit a variety of phys-
iological responses. Specific chemical reactions per-
tinent to our approach that have been observed incluce
oxy radical formation*® and DNA strand cleavage.
The formation of complexes with DNA has been re-
ported in some cases.* Much of the prior work is
related to the cancer'® and anticancer areas.' Of the
various heavy metals employed over the years. mer-
cury and silver temain the only ones widely used in
the treatment or prevention of microbial disease.” The
derivatives of heavy metals examined in this study in-
clude thiomerso! (5, merthiolate), merbromin (6, mer-
curochrome), and silver sulfadiazine, 7.

Compound § reduced with E,;; = -0.50 Vin a
process that was 44% reversible (iy/é = 0.44) a1 100
mV/s in pH 7 aqueous buffer (Table 2). The AZ, was

COzNa
(5)
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HgOH Table 2. Reduction Potentials of Metal Derivatives*
Na ® @ Reduction
© “ Potential
Substrate Electrode v) gl
-~ Br ® HMDE -0.50* 0.44
8r
$ P — -
[y HMDE -0.5% -—
6‘ h -t —-ma
COzNa r HMDE - -
Silver protein® HMDE - —
8 - CuCly L} -0.23 —_
8 « FeCly ] -0.21¢ ~1
*100 mV/s, setracthylammonin parchiorae (0.1 M, excep is bufler), sob-
(6) mrate (0.5 mM), vetsus NHE.
'pH 7.0 buffer (0.1 M KH,P0,20.1 M NaOH).
%ni-nvqﬂhle.
75 mV. Irreversibility pertained at slower scan rates. “ireverible. ¢
Diffusion contro) was evidenced by the constant CF 0% e echazel

value. A second peak was observed at = 1.03 V. Upon
a change of cathode to platinum, no reduction was
observed in the buffer. The results for § are in agree-
ment with prior studies.®* % The first wave varied with
pH, =E,; = 0.18 + 0.05 pH;* the second wave,
£,2 = =0.96, was invariant with pH. The first step
tesulted in the formation of the alkylmercury radical,®
which is known to arise from the reduction of organ-
omercuric halides.®’

Merbromin, 6, reduced in two irreversible steps,
‘be first with £, = =0.54 V (Table 2). The process
~as diffusion-controlled. Irreversibility was supported
oy an E,. value of 90-100 mV. Lower diffusion is
:xpected for 6 due to its size, which should result in
css cutrent being passed. The maximum current for
ne first peak was approximately one-half that observed
or 5. The second peak occurred at E, = -0.74 V.
Jrug 6 also gave no reduction in aqueous buffer with
latioum as the working electrode, in line with other
lscwochemical studies involving mercury com-
~unds.* Apparently, merbromin has not been exten-
wvely studied electrochemicaily. Page and Waller®
:poried no reduction in 1.0 M HCl. The E, . for
wworescein in pH 6.25 buffer is —0.73 V% (no ref-
rence electrode given); the quinone methide form ex-
its in peutral alcohol solution.™

Several lines of evidence are in agreemnent with the
1¢5is that the toxic action of mercury compounds may
nse from oxy radical generation via electron transfer.

niomersol ¢caused hemolysis, which was decreased by

soa

ag N

HoN

(7)

DMSO." a well-known oxy radical scavenger.” A
number of fluorescent dyes act as hemolysins when
irradiated with UV light or in darkness when present
in high concentrations, or in combination with H,0,.”
Oxidative stress is believed to be responsible for hem-
olysis by various antimalarial agents. '* Thiomerso! was
observed to increase oxygen upteke in Frichophyeon. ™
Organic mercury compounds are known to be metab-
olized to inorganic derivatives.” Mercuric chloride
causes extensive DNA breakage, presumably by an
oxygen-stress mechanism.’s™ Lipid™ and membrane™
oxidation have been observed. Several common_an-
tioxidants, including Se and vitamin E, reduce the ef-

‘Tects of Hg intoxication.”
~ Prior rationale for the mode of action has involved
the binding of mercury derivatives to the thiols of cel-
lular proteins.?% Mercury may form complexes with
DNA. % The crystal structure of an unusua) methyl mer-
cury-adenine complex has been published recently.®
_We were unable to obtain data for compound 7 an

ilvet protein because of insolubility, which 15 BoT sur-
prising since the drugs may be in 3 colloidal siate. In
vivo, metabolism could presumably take place, re-
sulting in a form that can bind to DNA.* Ingestion of

silver ion or colloidal silver produces liver necrosis in.

rats deficient in vitamin E.”

Meral chelarors

1. Quinolones. Nalidixic acid, 8. the most promi-
nent member in this class, has received considerable
attention.* It is used in the treatment of urinary tract
infections and is particularly active against gram-neg-
ative organisms. Several reviews deal with structure
activity relationship (SAR) and mode of action. 36142
Various mechanisms have been propased; recent at.

P.@%
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0
7 \ COZH
CHa™ N
|
CaHs
(8)

tention has been focused on coordination with metals.
The conclusion was drawn that Cu(li) and/or Fe(Il)
are involved in the in vivo activity ¥

Since the bactericidal activity may be associated
with the formation of a 1:1 (8:metal) complex, we
performed electrochemical studies on solutions of the
sodium salt of nalidixic acid and CuCls - 2H;O or FeCly
at the 1:1 molar ratio in 50% aqueous ethanol. The
results are summarized in Table 2. Sodium nalidixate
produced no reduction before ~ 0.8 V. Cupric chloride
gave two irreversible reduction peaks, at +0.13 and
=0.02 V. With equimolar concentrations of metal and
8 (Na salt), a broad irreversible peak with £, of =0.23
V and a small peak at —0.01 V were observed. It is
likely that the minor peak is due to uncomplexed cop-
per. The E,, for the complex was -~0.08 V at a sweep
rate at 20 mV/s, while at 200 mV/s it was = 0.30 V.
Ferric chloride gave irreversible reduction. E, = —0.59
V, with an anodic wave at +0.16 V. A small cathodic
peak was present at - 0.06 V with a current of about
286 of that at —0.59 V. The 1:1 solution of iron and
8 (Na salt) resulted in & quasi-reversible reduction
a1 —0.21 V with AE, of about 190 mV. The peak at
about +0.1 V was also observed. The fe/ i, ratio was
about 1 at 100 mV/s, indicating the formation of 2
stable reduction product.

Evidence that a metal chelate of 8 may act as 3 potent
ET agent was obrained from in vitro studies, indicating
an increase in the ET rate from FeSO, to cvtochrome
¢.¥ An intriguing velationship exists berween bacte-
ricidal effect and concentration.® The activity is de-
creased by increasing levels of the drug, similar to the
oxine case. A possible rationale is that some uhcom-
plexed positions must be available on the metal to per-
mit coardination with the active site, for example, DNA.
Single-sirand scission in DNA has been observed in
the presence of 8.% These breaks are commonly 8s-
sociated with the formation of oxy radicals.>’ How-
ever, the potency toward Plasmodium falciparum, 2
malarial parasite sensitive 10 oxygen tension, was as-
sociated with Jow oxygen concentration.*® Alterna-
tively, activity may derive from the free form of 8.

Recently, its one-electron reduction potential (—0.87
V at pH 6.4) was reported.”

Other mechanisms proposed for the action of 8%
include inhibition of RNA synthesis. DNA intercala-
tion, and inhibition of DNA gyrase. However, it has
been observed that an analogue of 8 does not bind to
gyrase, but rather o DNA.® There is selective binding
in vitro to guanine of DNA in the presence of a stoi-
chiometric equivalent of the metal ion.*

Another membet is oxalinic acid, 9, which displays
an antibacterial spectrum similar to that of 8, but which
is 2—4 times as potent. ¥ Since metabolic studies reveal
conversion to the corresponding catecho) derivative, it
is reasonable to expect subsequent facile oxidation to
the o-quinone.® Hence, in vivo transformations of 9
could result in two elecoactive sites, namely quinone
and metal complex.

2. 8-Hydroxyquinoline (oxine). The 8-hvdroxyqui-
nolines (antibacterial and antifungal)®® can be included
in this division, since they readily form metal com-
plexes.® Of the various quinolinols, the B-isomer is
uppermost in its ability to chelate biochemically im-
ponant metals. The physiological effects have been
attributed to the generation of such coordinauon com-
pounds. Iron and copper are known to play important
roles with both endogenous and exogenous com-

unds, entailing oxy radicsl formation in some
cases Mo Significantly, data indicate that either the
Cu(l) or Cu(ll) form of related complexes might engage
in ET.® ‘

The Fe(Ill) 1: 1 complex with oxine reduces at ~ 0.52
Vv, while the reduction potential for the 1:2 Cu(ID)
complex varies with pH, E,s = 0.12 — 0058 pH.%
Iron oxine complexes catalyze the oxidation of thiols
in nucleoproteins,* while the copper complex is toxic
1o algae in seawater.™ The mechanism may be due to
the formation of activated oxy spesies.

3. Others. Biguanides can be similarly classified.
Chlorhexidine, 10, a widely used topical antiseptic.
serves to illustrate.® Informative mechanistic swdies
have been carried out on the antimalarial counterparts,

O
0 l »COH
0
‘!72""5

9
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NH
[p -ClC5H4NHCNH(CH2)3}
‘ 2

(10)

of example, chlorguanide (proguanil, paludrine). Al-
rough evideace has beep found indicating the impor-
ance of metabolism, the conclusion vas drawn from
ther stud.es that the activity against primate malaria
aust be antributed in part to the parent drug.” In prior
iectroreduction investigations, the indicated values were
sported: —0.85 V from extrapolation to pH 0, ~ .38
(pH 7.05),% —1.38 V (pH 6.04),% and greater than
1.8 V in acid. 100 negative 1o be operative in vivo.
1guanides coordinate readily with certain metal jons. %
value of =0.24 V for the reduction potential was
>wined by other investigators using the Cu(ll) com-
.cxes.” Heace, the general mechanistic scenario out-
ned for the other classes could a)so be applied here.
nerelated amidines” may also operate in this manner.
dditiopal antibacterial drugs that can chelate are®
licylic a¢id, hexachlorophane, antimyein, 2,2'-bi-
ridyl, 1,10-phenanthroline, dithiocarbamates, and
oxides of pyridine, quinoline, or benzoquinoline with
-oordinating group in the 2-position,

«inones and phenols

Quinone antibiotics have found widespread appli-
ion in tecent years in the treatment of malig-
aCy 440106001 Exrensive studies have principally in-
-ved anthracyclines, mitomycins, streptonigrin, and
ramycins. The toxicity, found 10 be oxygen-
sendent,'® gpparently results from redox cycling of
quinone. Injtial metabolic reduction to the semi-
.00n¢ intermediate, which can evidently bind 10
‘AJ' is an essential step.’® The overall process has
‘n designated site-specific free radical generation. '
ibition of the rate of DNA scission was observed
i added catalase, SOD, and free radical scaven-
s.1% However, Adriamycin bound 1o DNA is unable
-articipate in redox reactions. '™ Strand scission can
ur in the absence of binding. Alternatively, the ul-
ate agent may be a metal complex.® Electronic
ctures related to quinones are found in some other
ericidal agents,' for example, triarylmethane dyes
mercurochrome. _
ccently, a pumber of helogen-substituted 1.2
athoquinones, 11 (R==R"=Br; R'==H; R=C(},
<H, Br) were shown to possess antibacterial activ-
* To determine the possible involvement in ET,
syathesized a congener, namely, 6-bromo-1.2-

(¢3))

R=R'=H, R'=Br
(11a)

naphthoquinone (bonaphthon), an antiviral agent, from
the corresponding 2-naphthol by oxidation with Fre-
my's salt, and studied its electrochemistry. Two re-
duction waves were observed for 11a in DMF (Pt and
HMDE). With pla!imlm, the ﬁﬂt, Euz = -0.20V
(Table 3), was quasi-reversible and diffusion-con-
volled. AE, increased from 70 to 110 mV upon a
decade increase in the sweep rate (20-200 mV/s).
The CF ratio of 11a with benzil,* a compound known
to undergo one-¢lectron reduction, gave & value of
0.97 (Table 3), denoting the formation of the semiqui-
none. This intermediate shows good stability with an
lpo/lpc value of 1.0 gt 100 mV/s. The second wave
(£,c = —0.88 V) was broadened, reduced in height,
and caupled to 8 small anodie peak, E,, = —0.64 V,
This behavior may be due to some type of chemical
reaction after electroreduction,”’ such as proton gb-
straction from solvent. Very similar results were ob-
tained with HMDE (Table 3).

An E);; of ~0.27 V is reported for the parent 1,2.
naphthoquinone in DMF.'™® The effect of the bromo
substituent is to make electroreduction more favorabje.
This is in accord with data for 2,3-dihydroxynaphtho-
quinone and its 6-bromo derivative.! The £, , for the
latter is 0.03 V more positive. Halogen in the 3-
sition should make the reduction potential more posi-
tive because of the inductive effect. Thus, 2-chjoro-
1,4-naphthoquinone reduces 24 mV more positive than
the parent.'® Bromo substitution exhibits simijar
influences, 11

The proposed mechanism of oxidative stress for the
o-naphthoquinone agents 11 is suppotted by several
lines of evidence from closely related systems: (1) the
o-naphthoquinone, 8-lapachone (trypanocidal and an-
titumor agent),*'" shows activity linked to superoxide
production and (2) activated oxygen species are formed
by 1,2-naphthoquinone in rat liver microsomes. '

Phenols are widely used and represent one of the
earliest classes of antimicrobial agents, The members

1 . W
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Table 3. Reduction Potentials and Electrochemical Characteristics of Naphthoquinones

Reduction

Potential
Substrate Elocwode V). CF mio® i tipe Reference
1ia* L -0.20 0.97 1.0 -
s’ HMDE =0.2¢ 0.84 1.0 -
1.2-Naphthoquinone - =0.27 - -— 108
1.4-Nsphthoquinons -— +0.48 - -— 109
2-Chioro-1 4-naphthoquinone +0.50 -— - 109
2.3.Dihydroxy-1.4-naphthoquinone - +0.29 - — - 110
é-Bromo-2.3-dihvdroxy-1 4-naphthoquinone -— +0.32 - - 110

“See foomons ¢ Table 1.

100 mVs. Myw porchiaraie (0.1 M), mebstrwte (0.9 M), DMF, versas NHE.

Quasi-revenible

include mono- and diols that contain & wide variety of
substituents.” A common transformation of phenols in
vivo is hydroxylation to o- and p-diols followed by
facile conversion to quinones.™ Hence, it is conceiv-
able that these types serve as precursors of quinones
that function as the ultimate form of the drug via charge
transfer.

Azo dves and aromatic amines

Antibacteria) activity has been observed with 2 num-
ber of azo dyes,” including scarlet red, 12, diacetaz-
otol, and phenazopyridine.

Cyclic voltammetry was performed on 12 (scarlet
ged: Sudan IV) in DMF. The results are preseated in
Table 4. Compound 12 gave several reduction waves
with£,, ® ~0.62, —1.13. and —1.44 V. and subse-
quent oxidation waves at E,, = —1.31, —0.96, -0.67,
and —0.33 V. The first wave, £,; = —0.58 V, is
quesi-reversible and diffusion-controlled. AL, ranged
from 60 10 70 mV (scan rates of 50-200 mV/s) and
was 65 mV at 100 mV/s. The ip/i, value increased
from Q.54 t0 0.67 for the above scan rates. Slower scan
rates (20 mV/s) produced no anodic peak. This indi-
cates a reduction process accompanied by kinetic or
other complications, such as fast follow-up chemistry.
The CF ratio of 0.90 for 12 (benzil as reference)
denotes the transfer of one electron, with the formation

12

of the azo anion radical, in agreement with previous
studies on various azo compounds in aprotic media. '
The other waves were not examined in detail. Analo-
gous results were observed with HMDE (Table 4) ex-
cept that adsorption was found at scan rates of 50 and
20 mV/s. Upon the addition of acetic acid, reduction
was observed at £, = ~0.37 V, accompanied by se-
vere adsorption.

Other data on the reduction of 320 compounds in
aproti¢ solvents have been reporzed (in CH;CN) (Table
4).- The comparatively more positive value for 12 is
expected because of increased conjugation. Previous
studies have also been carried out in protic systems.™
The E,.; values in buffered aqueous alcohol (C,H;0H
or CH,OH) for azobcazene, p-bisazobenzene, and 2-
hydroxyazobenzene are presented in Tabie 4. Substi-
tuents on the aromatic nuclei; namely, methy1''® and
hydroxyl,’® have an adverse effect on reduction as
observed for the reported values.

A mechanism involving redox cycling resuliing in
oxidative pressure for the azo class is reasonable. Jt is
postulated that the radical anion formed upon the in-
cubation of sulfonazo III, a diazonaphthol, with he-
patic microsomes reacts with oxygen in a catalytic
manner, producing superoxide.*® The a20 radical anion
intermediate was observed by ESR.

Alterpatively, the active agent may be an aromatic
amine generated by enzymatic reduction.*'® This type
of wansformation bas been shown with 12 in rats.'"’
A similar process may be respoasible for the muta-
genicity of Sudan 1V, observed after chemical reduc-
tion and microsomal activation.'* The most important
members of the aromatic amine ¢class contain & sul-
fonamide (sulfanilamide) or sulfone substituent on the
nucleus in addition to the amino groups.’*!"® There is
much documentation for the generally accepted view
that tke mode of action involves inhibition of dihydro-
folate synthesis by competition with p-aminobenzoic
acid. On the other hand. one should recognize that an
appreciable body of data from studics on dapsone (p.p'-
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Tabie 4. Electrochermical Chasseteristics of Azo compounds

Reduction
Poential
Substrate Elecirods V) CF ratig* tpoliy Reference
13 3 ~0.58 0.90 0.61 -
12 HMDE ~0.57 0.82 0.58 ;4
Azobenzens - -1.12 - —
Azobenzene - +0.352 = 0.079 pH* - - 14
1-Phenylazobenzent -— -1.02 oo - 134
2-Methyvlazobenzens -— -1.34 — - 114
p-Bisazobenzene - +0.405 = 0.089 pH* -— -— ne
2-Hvdroxyazobenzene —_ +0.29 — 0.05¢ pH' - - 114
*Bee foomote a Tadic 1.
100 @V7s, teraethylammonium perchione (0.1 M), substrais (0.8 mM), DMF. versus NHE.
*Quasi-srversidis.
Y 1.6-9.0.
oH 4.512.9.
BH 2.0-6.0.

dizminodiphenylsulfone) points to the generation of
ceactive states of oxygen. A number of fepornts deal
with in vivo or in vitra conversion 10 the N-hydroxy
derivative'®43! and possibly to the nitroso form, 10
several investigations have demonstrated involvement
of oxidative phenomena on exposure to dapsone, !20-122
ncluding generation of superoxide and hydrogen per-
xide by the hydroxylamino form in vitro. ' Oxygen
s required for the cytotoxicity observed during redox
veling with different xenobiotics, including aromatic
mines.'*¥ The same intermediates generated by the
antial oxidation of the amino functionality ¢an also
rise from the reduction of the nitro group.

ninium species

There are various subdivisions in this category, such
» triarylmethane dyes. heterocyelic di-N-oxides, and
:terocyclic salts. The first application of our working
-pothesis 10 the mechanism of drug action involved
¢ heterocyelic di-N-oxides. 202!

1. Triarylmethane dves. Examples, all of which in-
rporate the iminium moiety, include gentian violet,
5, and brilliant green. Compound 13 is used as a
pical antibacterial, anthelminthic, and antifungal
ent.” The synthetic dyes can produce toxic oxygen
scies through redox cycling.!’* The metabolism of
ntian violet yields a one-electron reduction product,
1ich was detected by ESR spectroscopy.® This de-

1)

(13)

localized radical reacts with oxygen to form a much
more reactive peroxyl type. In 1952 the suggestion was
made that the pharmaceutical effect of these drugs
may be Intimately associated with charge transfer. '
The £, value for 13 is =0.55 V, and for brilliant
green, —0.42 V. Some of the dyes are carcinogens,
and gentian violet damages DNA.® This class, struc.
turally related to quinones, represents one of the best
supported examples of incorporation into our theorst.
ical framework,

2. Heterocyelic di-N-oxides. Our initial investiga-
tion, experimentally based on the iminjum 14 ET-oxy
radical theory® included quinoxalines®~ and phena-
zines.” Representative members are dioxidine, 15,
and iodinin, 16, which display £,,; values of —0.87
and ~0.34 V (DMF), respectively. Reduction was fa-
vored by increased conjugation and intramoleculas hy-
drogen bonding involving N-oxide. Reasonable ¢or-
relations were found 1o exist involving reduction
potential, structure, and drug activity for about 16 qui-
noxalines and 8 phenazines. The quinoxaline di-A-ox-
ide free radical has been detected by ESR.® Other
heterocyclic N-oxides may conceivably fit in this
category, 135-126

3. Acridinium ions. Proflavine and acriflavine are
two of the more important representatives; occasionally
quat sajts are used.™ Swdies have demonstrated a cor-
relation between base strength and antibacterial po-

+ -—
"—"NMe2 - Ci
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+
.
(14)

tency.'s The acridinium cations that can arise at phys-
jological pH are the active entities. These salts are
necessary for strong binding with nucleic acid, as well
as for bacteriostatic action. DNA intercalation is evi-
dently associated with the biclogical effect. The Eyn
value for 2,7-diaminoacridine is ~0.59 V at pH 72.'%
Quite some time ago the proposal was advanced that
these substances undergo in vivo reduction to radical
agions that exert their antibacterial effect by interfer-
ence with the respiratory electson transport chain.'
Alternatively, we feel that reactive oxygen-containing
entities may be generated, which could contribute to
the toxic effect.

For the antimalarial drugs in this class,'* namely,
the 9-aminoacridine derivatives, oxidative stress and
DNA strand cleavage are known to oceur. Oxy radical
formation is postulated to result from charge transfer
by the heterocyclic iminjum species. The reduction
potential (£,;) of the quinacrine cation is —=0.72 V
(DMF), which is probably considerably more positive
in vivo because of steric inhibition of resonance as a
result of site binding. Kier, who suggested an ET mech-
anism, pointed out the favorable epergetics associated
with the protonated form during ET.'¥

4. Quinolinium ions. Illustrative of this type is
quindecamine, 17, which has been used as a topical
antibacterial and antifungal agent.>* Clues concerning
the possible involvement of an ET mechanism ¢an be
obtained by examining the literature'® on closely re-
lated antimalarial agents, for example, chloroquine,
182, and amodiaquine, 18b. The bases exist at phys-
iological pH as cations that are involved in binding to
DNA. Marked deviation of the side chain and nucleus
from coplanarity is indicated, which should result in a
shift of reduction potential to more positive values be-

?' OH
*
N\
-~
.'i‘+
o OH

(15)

(16)

cause of steric inhibition of resonance in the catior.
Free rotation of the side chain permits dslocalization
of the positive charge on the heterocyclic nitrogen mak.
ing for greater difficulty in reduction. Electrochemical
investigations have been carried out on a large number
of quinolinium* and isoquinolinium'! salts of varied
structure that display anticancer properties. Reduction
potentials fall in the range ~0.43to =1.5 V.

There is evidence for participation of reactive in-
termediates derived from oxygen for the 4-aminoqui-
nolines.' Organic intercalating agents of the iminium
type are known to photodamage DNA, presumably via
activated oxygen.'®* The ribose unit was thought to be
the electron donor.

S. Other heterocyclic quat salts. Bactericidal prop-
enties are exhibited by various compounds of this group,
for example, benzo[h)oaphthyridinium ions.'® Pyo-
cyanine, o natural N-methylphenazinium antibiotic. is
quite susceptible to electroreduction,'® E,; = =0.54
V. Mason has reviewed the chemistry of the N-methyl-
phenazinium ion relative to the formation of radical
cations and activated oxygen.*® In the anticancer do-
main,'* N-methylphenanthridinium salts are known to0
undergo charge transfer.'” The activity of fused iso-
quinolinium salts has been correlated with the presence
of the iminium site.!® Binding to DNA could well be
an important feature related to the activity of these

types.

6. From alkylating agents and DNA. A consider-
able number of the gascous chemonxterilants are de-
scribed as alkylating agents, including ethylene oxide,

l N
-~
H
A N7 "CHa ],
(17)
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Cli N

8, R==CH(CH3)(CH,), NE,

b, R= OH

CHZNEtz
(18)

glycidaldehyde, aziridine, and B-propiolactone.** It is
generally accepted that nenspecific alkylation of nu-
cleophilic sites in esssntial metabolites constitutes the
mode of action.
The alkylating class contains a large group of car-
cinogenic agents,™ including those displaying anti-
sacterial activity. Concomitant production of oxy fad-
icals has been observed with various members.* 713
Although the precise role of thess reactive interme-
jiates has not been ascertained, it appears that DNA
trand ¢leavage may be a crucial event.” In a recent
avestigation of the mechanism of carcinogenesis, a
1ovel proposal was advanced in which the salt form
imjnium, 14) of alkvlated nucieic acid was assigned
- key function a5 an ET agent.'® The purines (guanine
-ad adenine) of DNA are the principal targets of ai-
ack.?” For example, the ionic structure 19, a conju-
‘ated form of 14, is generated from 0-6 alkylation of
‘uanine and could conceivably undergo one-electron
eduction. Electrochemical data from the literature'™
.ad our own studies' are in reasonable accord with
ne current picturs relating site of alkylation and defect
<rsisience to oncogenic response. Thus, it appears
site plausible that the salt form is functioning in a

OR
-+
HN = N, -
I,
~
H,N7 NN N

+

(19)

catalytic manner as a generator of toxic oxy radicals.
A similar rationale applied to the sterilant types would
incorporate them into the generalized ET-oxy radical

approach.

Naturally occurring antibiotics

A number of naturally occusring antibiotics® fall
into the structvral categories that have been discussed,
for exampie, albomycin (Fe chelate), ferrimycin A,
(Fe chelate), bleomycin (Fe or Cu chelate), Jucenso-
mycin (epoxide), oleandomycin (epoxide), chloram-
phenicol (AINO,), pymolaitin (AINO;), rifamyein
(quinone), geldamyein (quinone), actinomyein D (im-
inoquinone), tetracyclines (possible precursor of
iminoquinone™ or metal chelate?), streptovaricias (p-
quinone monomsthane), CC-1065 (alkylating agent),'®
kojic acid (metal chelate),” and bacitracin (meta)
chelate). ¥

Oiher considerations

In our prior discussion, much evidence has been
cited for the formation of radical intermediates and
involvement of activated oxygen species. Superoxide
is presumed to be the precursor. Increasing evidence
from studies involving xenobiotics and the initiation
and progression of various diseases implicates free rad-
icals derived from oxygen, !-9-%:137

According 1o the theory, the different agents act in
vivo as ET eatities in the production of oxy radicals
or disruption of normal ET. However, some of the
reductions were found to be irreversible. Reversibility
may be afiected by the scan rate employed, as observed
in this and other studies. ! Association with the active
site resulting in immobilization could prevent reactions
which otherwise occur in vitro, such as dimerization,
thus making ET possible. This aspect has been treated
elsewhere. '3 Several reports indicate that reduction
potential in vivo may well be better than in vitro. 241
Evidence points t0 & relationship between electrochem-
ical characteristics of drugs and physiological activity.
For example, antibacterial mitomycins (quinones) pos-
sessing less negative E,,; values exhibited more pow-
erful activity.'® A study on the antibacterial activity
and electrochemical activity of 9-methylaminoacri-
dines and their nitro derivatives revealed & symbatic
relationship.' Similar correlations have been noted
for heterocyclic di-N-oxides? and heterocyclic nitro
compounds.*-“1 Other examples are given else-
whem‘lo.w

The present theory is clearly an oversimplification
of a very complex situation, since absolute correlation
between electrochemical behavior and physiological
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*
(CHa)sN (CHZ)‘5C Hy, Br

(20)

activity is not expected because of the many variables
involved in vivo, for example, metabolism, stereo-
chemistry, cell permeability, solubility, site binding.
and diffusion. It should be emphasized that the toxic
effects of antibacterial agents may be manifested by a
variety of routes. One of the most widespread and
generally accepted mechanistically is interference with
DNA replication or synthesis.* For aliphatic quater-
nary ammonium salts, such as cetrimonium bromide,
20, and extended-chain imidazolium'* and pyridinium
salts, 32 cell membranes and closely associated struc-
tures are likely targets.’? Conceivably a number of
pathways, including oxy radical generation, may act
in concert for cenain drugs.

Examination of the literature reveals that many of
the classes discussed here also display activity in other
medicinal aress.'% Furthermore, large numbers of drugs
elicit carcinoggnic;*”-"-"""" mutagenic,‘-”-“-""“-“’
cardiotoxic,*” and pesticidal®’ responses. Since we are
stressing @ unifying theme, it might well be that the
other effects are frequently related to ET—oxy radical
involvement.

In summary, based on the evidence from prior con-
wibutions and our work, the various categories appear
to display the following common characteristies: bind-
ing to DNA, involvement in ET. and production of
sctivated oxygen. However, there are gaps for the var-
ious categories, which need to be filled by further
investigation.
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